Monolayer WSe2 hosts long-lived dark excitonic states with robust valley polarization, but thus far lacks an experimental signature to identify their valley pseudospin. Here we reveal a set of three replica luminescent peaks at ~21.4 meV below the dark exciton, negative and positive dark exciton-polarons (or trions) in monolayer WSe2. The redshift energy matches the energy of the zone-center E" chiral phonons. The replicas exhibit parallel gate dependence and the same g-factors as the dark excitonic states, but follow the valley selection rules of bright excitonic states. While the dark states exhibit out-of-plane transition dipole and linearly polarized emission in the in-plane directions, their phonon replicas exhibit in-plane transition dipole and circularly polarized emission in the out-ofplane directions. Symmetry analysis shows that the K-valley dark exciton decays into a left-handed chiral phonon and a right-handed photon, whereas the K'-valley dark exciton decays into a right-handed phonon and a left-handed photon. Such chiral-phonon replicas can help identify the dark-state valley pseudospin and explore the intriguing excitonphonon interactions in monolayer WSe2.
Monolayer transition metal dichalcogenides (TMDs), such as MoS2 and WSe2, are two-dimensional (2D) semiconductors with remarkable electronic properties [1] . They have direct band gap at two time-reversal valleys (K, K') [2, 3] , where spin-orbit coupling (SOC) splits each band into two subbands with opposite spins [4] [5] [6] . The electrons and holes can form tightly bound excitons at each valley [7] [8] [9] [10] [11] [12] [13] [14] . If they come from bands with the same electron spin, they form bright excitons with efficient radiative recombination [ Fig. 1(a) ]. If they come from bands with opposite spins, the spin mismatch can strongly suppress the radiative recombination as well as the intervalley scattering induced by exchange interaction. They form dark excitons with long lifetime and robust valley polarization [ Fig. 1(b) ]. In finite charge density, these excitons can couple to the Fermi sea to produce trions [14, 15] or exciton-polarons [16] [17] [18] . In tungsten-based TMDs (e.g. WS2, WSe2), these dark excitonic states can accumulate a large population because their energy level lies below the bright excitonic level [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . These distinctive properties make the TMD dark excitons useful for exciton transport and condensation and novel valleytronic applications [29] [30] [31] [32] .
Detecting and Manipulating the valley pseudospin of the dark excitonic states is, however, challenging because they have no valley-dependent optical selection rules. It is well known that light helicity can be used to access the valley pseudospin of bright excitonic states in monolayer TMDs. These bright states exhibit in-plane (IP) transition dipole with x ± iy polarization. They are coupled selectively to light with right-handed (left-handed) circular polarization in the K (K') valley [ Fig. 1(a) ] [33] [34] [35] [36] . But the dark excitonic states exhibit out-of-plane (OP) transition dipole with z polarization. They are coupled to vertically polarized light for both valleys [ Fig. 1(b) ] [19] [20] [21] [22] [23] [24] [25] [26] [27] . The lack of valley-dependent selection rules for the dark excitonic states posts a great challenge to study their valleytronic properties.
In this Letter, we report the observation of chiral-phonon replicas of dark excitonic states in monolayer WSe2, which carry distinctive signature of their valley polarization. We have observed a set of three replica luminescent peaks at ~21.4 meV below the dark exciton and exciton-polarons (or trions) in the negatively and positively charged Fermi sea. The redshift energy (21.4 meV) matches the energy of the zone-center E" chiral phonons in monolayer WSe2 [37] [38] [39] . The replica emission exhibits parallel gating dependence and the same g-factors as the dark excitonic states, but follows distinct optical selection rules. While the dark excitonic states exhibit OP dipole and vertically polarized emission in the IP directions, their replicas exhibit IP dipole and circularly polarized emission in the OP directions, similar to the characteristics of bright excitonic states [ Fig. 1(c) ]. Symmetry analysis shows that the K-valley dark exciton decays into a left-handed chiral phonon and a right-handed photon, whereas the K'-valley dark exciton decays into a righthanded chiral phonon and a left-handed photon. We can also account for the replica PL intensity by first-principles calculations. Such chiral-phonon replicas provide a precious channel to access the valley pseudospin of dark excitonic states and their intriguing interactions with chiral phonons.
We have fabricated ultraclean monolayer WSe2 gating devices encapsulated by boron nitride (BN) on Si/SiO2 substrates, with few-layer graphene as the electrodes and gate contacts [40] . We excite the samples with 532-nm continuous laser and measure the photoluminescence (PL) at temperature T ~ 4 K. Although the dark-state PL propagates in the IP directions, we can partially capture it with a microscope objective (NA = 0.6) in the OP direction, as reported by prior research [25, 32, 40, [54] [55] [56] [57] . Figure 2a displays [42] [43] [44] [45] . The difference between the two gaps is the valley Zeeman splitting energy ∆ = B , where g is the effective g-factor and B = 57.88 ⁄ is the Bohr magneton. Figure 3 We assign the 0 , − , + peaks as the E"-phonon replica because the redshift energy (21.4 meV) matches the energy of the E" optical phonons (21.4 meV) in monolayer WSe2 [37, 58, 59] . Similar E" phonon replicas have been observed in quantum-dot excitons in monolayer WSe2 [37] . Such phonon replicas are not found for bright excitonic states. There are several PL features near the phonon replicas. But they are not replicas because they have different g-factors (~13) (Fig. 2-3 ) [40] . They probably correspond to momentum-indirect excitonic states [60] [61] [62] [63] . Although 0 , − , + are replicas of the dark states, they appear to follow the optical selection rules of the bright states. In the magneto-PL experiment for Figure 3 , we excite the sample with linearly polarized laser and detect the PL with right-or left-handed helicity. Such circularly polarized measurements detect the dark states from both valleys because they emit linearly polarized light. But they detect the bright states only from one valley because the bright-state emission from K (K') valley has right-handed (left-handed) helicity. Correspondingly, in our PL maps the 0 , − , + peaks are each split into two branches under magnetic field, corresponding to the two valleys [ Fig. (a-f) In the right-handed PL detection, they shift parallelly with the lower branch of the dark states; we only observe the phonon replicas from the K valley. In the left-handed PL detection, they shift parallelly with the higher branch of the dark states; we only observe the phonon replicas from the K' valley. The helicity of the phonon replicas tells us the valley pseudospin of the original dark states.
We have further obtained the transition dipole orientation of the phonon replicas. In Ref. [28] , Y. Tang at el develop a special method to measure the dipole direction of excitonic emission. They deposit monolayer WSe2 on a GaSe waveguide, which collects the IP emission from both the IP and OP dipoles in monolayer WSe2. By measuring the deflected light from the GaSe edge with linearly polarized optics, they can resolve the PL components from the IP and OP dipole [40] . We have extracted the PL intensities of bright/dark excitonic states and phonon replicas from their data and plot them as a function of polarization angle in Figure 4 . We observe perpendicular polarizations between the dark states and bright states, because they are associated with OP and IP dipole, respectively. Notably, the phonon replicas have the same polarization as the bright states, indicating that they are associated with IP dipole.
The optical selection rules and IP dipole of phonon replicas can be explained by the symmetry of the electronic states and the coupled chiral phonons by group theory (See Supplementary Materials for details [40] ). The electronic states at the K/K' point possess the 3ℎ symmetry point group, including the OP mirror symmetry (̂ℎ) and IP three-fold rotation symmetry (̂3 ). An eigenfunction transforms as ̂3 = and ̂ℎ = ℎ , where 3 and ℎ are the respective ̂3 and ̂ℎ quantum numbers for . Table 1 lists these quantum numbers for the spin-up and spin-down conduction bands ( ↑ , ̅ ↓ ) and spin-up valence band ( ↑ ) in the K valley. We put a hat on ̅ ↓ to denote that it is not purely spin-down, but contains a small spin-up component from coupling to a higher spin-up band by spin-orbit coupling (SOC) [40, 47] . Since photon cannot slip the spin, such SOC band mixing is necessary to enable the dark exciton to emit light. Under the symmetry operations, the − interband transition matrices transform as: 
Here the momentum operators ̂± =̂±̂ and ̂ are associated with the IP chiral dipole and OP dipole, respectively. They transform as ̂3̂±̂3 −1 = ∓ 2 3̂± , ̂ℎ±̂ℎ −1 =±, ̂3̂̂3 −1 =̂ and ̂ℎ̂̂ℎ −1 = −̂. For a matrix element to be finite, the pre-factor after symmetry transformation has to be one. From Table 1 , we can verify that only ⟨ ↑ |̂+| ↑ ⟩ and ⟨ ̅ ↓ |̂| ↑ ⟩ can be finite, whereas other transition matrix elements are all zero. Therefore, bright and dark excitons are coupled exclusively to right-handed IP dipole and OP dipole, respectively, in the K valley.
When the atoms move due to the lattice vibration, the original states are no longer eigenstates. In particular, the electron-phonon coupling will renormalize the ̅ ↓ band into:
Here | Ω ⟩ denotes an E"-mode chiral phonon with frequency Ω. In the chiral mode, the W atoms stay stationary and the Se atoms rotate counter-clockwise or clockwise, giving rise to right-handed (Ω + ) or left-handed (Ω − ) phonons [ Fig. 5(a) ]. The zone-center chiral phonons have odd mirror parity, so they can couple the bright and dark states with opposite mirror parity. The chiral phonons also have three-fold rotation symmetry with quantum numbers 3 (Ω ± ) = ±1 (Table 1) . Upon a ̂3 rotation, the matrix element transforms as:
It can only be finite for the left-handed phonon with 3 (Ω − ) = −1. Therefore, the Kvalley dark exciton only emits the left-handed chiral phonon.
The dark exciton can obtain oscillator strength from bright exciton through electronphonon coupling ̂ and recombine through the ̿ ↓ − ↑ transition by the electron-light interaction ̂. The Fermi's golden rule gives the transition rate:
Here | ω ⟩ denotes a photon with frequency ω. ⟨ ↑ , ω, Ω |̂| ↑ , Ω⟩ corresponds to the matrix element ⟨ ↑ |̂| ↑ ⟩ for the bright-exciton transition. Therefore, the chiral-phonon replica follows the intensity and selection rules of bright exciton. By combining the phonon and photon selection rules, we conclude that the dark exciton emits left-handed chiral phonon and right-handed photon in the K valley. By the time-reversal symmetry, it emits right-handed chiral phonon and left-handed photon in the K' valley [ Fig. 5(b) ]. Although these selection rules were derived at the K point, the excitons will inherit exactly the same selection rules because the exciton Hamiltonian has the same symmetry as the states in the K point. Our experimental results are fully consistent with these selection rules.
While the excitonic effect does not modify the selection rules, it can substantially enhance the intensity of the phonon replica. In particular, the finite k-space extent of the exciton envelop functions will allow the excitons to couple to phonons with finite momentum. The stronger the exciton is, the more phonons are coupled. The chiral phonon selection rules still hold; only the left-chirality (right-chirality) component of these phonons will contribute to the transition in the K (K') valley. We have calculated the intensity of the phonon replica in a full excitonic picture with density functional theory (DFT). The calculated intensity ratio between the replica and dark exciton is 0 0 ≈ 0.016 ⁄ . This is close to the experimental ratio ( 0 0 ≈ 0.05 ⁄ ) after we correct the different collection efficiency for the IP and OP emission in our setup (see Supplementary Materials [40] ).
In conclusion, we have observed the chiral-phonon replicas of dark excitonic states in monolayer WSe2. The replicas follow the gate dependence and g-factors of the dark states, but exhibit the in-plane dipole and valley-dependent chiral selection rules of bright states. Such chiral-phonon replicas, with their distinctive selection rules and strong PL signal, provide a convenient signature to identify the dark-state valley pseudospin. The replica emission process can also effectively generate phonons with selective chirality and thus provide a convenient platform to explore chiral phonon physics. Furthermore, recent research shows that coherent dark exciton can be formed between two valleys [27] . A valley-coherent dark exciton can decay into a pair of photon and phonon with entangled chirality, as reported for quantum-dot excitons in monolayer WSe2 [37] (see Supplementary Materials [40] ). Such entanglement functionality, together with the long and detectable valley polarization of the dark excitonic states and replicas, shall open a new venue for fundamental exciton research and novel valleytronic applications. 
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